After screening a Candida albicans genome database the product of an open reading frame (ORF) (CA2880) with 49% homology to the product of Saccharomyces cerevisiae YPL133c, a putative transcriptional factor, was identified. The disruption of the C. albicans gene leads to a major sensitivity to calcofluor white and Congo red, a minor sensitivity to sodium dodecyl sulfate, a major resistance to zymolyase, and an alteration of the chemical composition of the cell wall. For these reasons we called it CaCWT1 (for C. albicans cell wall transcription factor). CaCwt1p contains a putative Zn(II) Cys(6) DNA binding domain characteristic of some transcriptional factors and a PAS domain. The CaCWT1 gene is more expressed in stationary phase cells than in cells growing exponentially. To our knowledge, this is the first Zn(II) Cys(6) transcriptional factor-encoding gene implicated in the cell wall architecture.
Introduction
Candida albicans is an opportunistic pathogen fungus in humans with increasing incidence [1] , mainly in immunocompromised patients [2] . C. albicans is a polymorphic organism capable of reproducing by budding (yeast cells) or by producing ¢lamentous forms (mycelial cells) depending upon environmental factors [1] ; this morphological transition has been associated with pathogenicity [3] .
Eukaryotic cells respond to environmental changes modulating in a coordinate way the simultaneous expression of many genes. In these processes transcriptional factors play an important role. Knowledge of signal transduction pathways in pathogenic fungi is essential to understand the mechanisms of adaptation to a changing and complex environment such as the human body. In C. albicans, many of the MAP (mitogen-activated protein) kinase pathway components are homologous to those in Saccharomyces cerevisiae [4, 5] . The MAP kinase pathways are important in virulence and in the morphological transition of C. albicans [6] , some transcriptional factors as Efg1 and Cph1 are targets of these pathways [7] . For this reason the transcriptional factors must play an important role in the pathogenicity of C. albicans and the knowledge of their function should help us to understand the complex interactions that parasite and host establish during the infection process.
Recently the complete sequence of the genome of C. albicans has been determined (http://www-sequence. standford.edu/group/candida/) and annotated by the European Consortium Galar Fungail (http://www.pasteur.fr/ recherche/unites/GalarFungail and http://genolist.pasteur. fr/CandidaDB). The availability of the sequence for entire C. albicans genome and its annotation opens the door to genome functional analysis.
In the present paper we have taken a sequence-dependent approach to identify transcriptional regulatory open reading frames (ORFs) by screening the database genome of C. albicans for transcriptional regulatory proteins containing the Zn(II) Cys(6) DNA binding domain signature [8] . From the total ORFs identi¢ed as potential transcriptional regulatory factors we selected one of them, CA2880, that presents a high homology with S. cerevisiae ORF YPL133c, a putative transcriptional factor. We have characterized the phenotype of the C. albicans null mutant for CA2880, showing that the cell wall architecture must be altered. For this reason we call the gene, in a ¢rst attempt, CaCWT1 for C. albicans cell wall transcriptional factor.
Materials and methods

Strains, growth conditions and transformations
The C. albicans strains used in this study were 3781-A (vCacwt1 : :ARG5,6/CaCWT1 vura3: :imm434/vura3: : imm434 vhis1: :hisG/vhis1: :hisG), 3781-AH (vCacwt1 : : ARG5,6/vCacwt1: :HIS1 vura3: :imm434/vura3: :imm434) both derived from CNC43 (vura3: :imm434/vura3: : imm434 his1: :hisG/vhis1: :hisG varg5,6: :hisG/varg5,6: :
, deoR, v(lacZYA-argF) U169] was used routinely for transformations as described by Hanahan [10] .
C. albicans cells were routinely grown in YPD medium [11] or SD medium supplemented with the appropriate nutrients in amounts speci¢ed by Sherman [11] . For germ tube induction, cells were cultured in modi¢ed Lee's medium as described elsewhere [12] . C. albicans transformation was performed according to Gietz et al. [13] .
Nucleic acid manipulations and analysis
Genomic DNA preparation from C. albicans was carried out as described by Fujimura and Sakuma [14] . Total RNA isolation was done as previously described [15] . Standard DNA manipulation techniques were carried out using standard protocols [16] . DNA probes (amplicons YIE12 and YIE34) for Southern analysis were labelled by random primed incorporation of digoxigenin-labelled deoxyuridine-triphosphate (DIG-labelled DNA) using DIG DNA labelling kit (Roche) according to the manufacturer's instructions. Southern analysis was performed as described by Ramo ¤ n et al. [15] . DNA and RNA concentrations were determined in a GeneQuant II RNA/DNA calculator spectrophotometer (Amersham Biosciences).
Plasmid constructions for disruption and reintegration
of the CaCWT1 gene
The strategy followed for disrupting CaCWT1 was carried out in two steps by replacement of part of the ORF (amino acid 120^430) with CaARG5,6 or CaHIS1. The disruption cassette constructions were made by polymerase chain reaction (PCR) ampli¢cation in two steps using genomic DNA as template. In the ¢rst step an amplicon of 312 bp was obtained using the sense primer YIE1 (CACA-GAATTCCTCCGGAGATAACAGAACCC) and the antisense primer YIE2 (CACAGAGCTCATGGTGGC-AACGGTAACGGC) containing an engineered EcoRI (underlined) and SacI restriction site (underlined) respectively. The amplicon obtained (YIE12) was digested with EcoRI and SacI, then subcloned into pAN9 (Negredo et al., unpublished data) and pAYE1 containing CaARG5,6 and CaHIS1 respectively. The resulting plasmids were named pYIE12A and pYIE12H and contained the 5P region of the gene (positions +77 to +388 with respect to the start codon). In the second step an amplicon of 436 bp containing the 3P region of the gene (positions +1297 to +1732 with respect to the start codon) was obtained by using the sense primer YIE3 (CACAGCATGCTTTC-GACCGGCTTTTAGGGC) and the antisense primer YIE4 (CACAAAGCTTCAATGGGGATAAAATTACC-C) containing engineered restriction sites SphI and HindIII respectively (underlined). The amplicon obtained (YIE34) was ligated into SphI and HindIII sites of pYIE12A and pYIE12H to create plasmids pYIE14A and pYIE14H respectively, in which 908 bp (52%) of the coding region were deleted. Plasmid pAYE1 containing the CaHIS1 gene was obtained by inserting a SalI/XbaI fragment carrying the Ca-HIS1 gene from plasmid p34HHIS2 (Navarro-Garc| ¤a et al., unpublished data) into pUC18 plasmid [17] .
To reintegrate the CaCWT1 gene into the genome of the null mutant strain, 3781-AH, a 3.2-kb fragment of DNA containing the CaCWT1 gene was inserted into plasmid CIp10 [18] . The new plasmid created, CIp10-3781, was linearized by digestion with StuI and used to transform the null mutant strain.
Isolation of CaCWT1 null mutant
Disruption of CaCWT1 was achieved as follows. C. albicans CNC43 cells were transformed to Arg þ prototrophy with 10 Wg of an EcoRI/HindIII fragment from plasmid pYIE14A according to Gietz et al. [13] . Transformed cells were selected as Arg þ in SD minimal medium lacking arginine and checked for integration of the cassette at the CaCWT1 locus by Southern blot analysis. One of the heterozygous disruptants recovered (designated C. albicans 3781-A) was used for replacement of the second CaCWT1 allele in a similar way using the EcoRI/HindIII fragment from plasmid pYIE14. Transformed cells were selected as His þ , and integration into the correct allele was veri¢ed by Southern blot analysis. One of these His þ transformants, corresponding to CaCWT1 null mutant, was designated C. albicans 3781-AH.
Phenotypic analysis of CaCWT1 null mutants
Calco£uor white (CW), Congo red (CR) and sodium dodecyl sulfate (SDS) were tested by streaking cells on plates containing di¡erent concentrations of CW, CR or SDS following the method described by Van der Vaart et al. [19] . 3-Wl samples of serial 1/10 dilutions of cells growing overnight (adjusted to an optical density at 600 nm) were deposited on YPD plates containing di¡erent concentrations of CW (0^30 Wg ml 31 ), CR (0^300 Wg ml 31 ) or SDS (0^0.015%), grown at 28 ‡C and monitored for 3 days. Sensitivity to zymolyase was also tested following the method described by Van der Vaart et al. [19] . Exponentially growing cells were adjusted to an optical density of 0.5 (V4U10 6 cells ml 31 ) in 10 mM Tris^HCl, pH 7.5, containing 100 Wg of zymolyase 20T ml 31 of cells, and decreases in the optical density monitored over a 90-min period.
Chemical determinations
Protein was extracted with 1 M NaOH for 30 min in a boiling water bath, and measured with Folin's reagent using bovine serum albumin as standard. Neutral sugars were measured as described by Dubois et al. [20] using glucose as standard. Chitin was measured as described by Spetch et al. [21] . GlcNAc was measured by the method of Reissig et al. [22] . L-1,6-glucan was measured as described by Dijkgraaf et al. [23] . Assays were made in triplicates from at least two wall samples. Data did not di¡er by more than 10%.
Reverse transcription (RT)-PCR
Oligo(dT)-primed ¢rst strand cDNA was prepared from total RNA derived from C. albicans CNC43, at di¡erent growth phases, growing in YPD medium at 28 ‡C. The SuperScript First Strand Synthesis System for RT-PCR (Invitrogen) was used following the manufacturer's instructions. The sense and antisense primers were YIE1 and YIE2 respectively; this combination of primers specifically ampli¢ed a 312 bp amplicon. An approximate con¢rmation of the relative amount of total cDNA in each sample was also made by a PCR approach using primers EFB1F (ATTGAACGAATTCTTGGCTGAC) and EFB1R (CATCTTCTTCAACAGCAGCTTG) which speci¢cally ampli¢ed a 526-bp fragment of EFB from C. albicans [24] . Since EFB1 contains an intron, primers EFB1F and EFB1R also served as control to con¢rm that samples had not genomic DNA contamination (an amplicon of 890 bp appeared if this was the case). All samples contained the same quantity of ¢rst strand cDNA (1 Wg The N-terminal region of a number of fungal transcriptional regulatory proteins contains a Cys-rich motif that is involved in zinc-dependent binding of DNA. A wide range of proteins are known to contain this domain, e.g. proteins involved in amino acid metabolism, nucleotide metabolism, carbohydrate metabolism and others. The Zn(II) Cys(6) binding domain signature has the consensus se-
-X 2 -C-X 5À12 -C-X 2 -C-X 6À8 -C and was ¢rst characterized in S. cerevisiae [25] . Proteins containing this DNA binding motif are typically transcriptional factors, and it is thus far unique to the fungi [8] . On the basis of this characteristic a C. albicans database (http://genolist.pasteur.fr/CandidaDB/) was analyzed using a blast approach. Ten ORFs were identi¢ed as putative Zn(II) Cys(6) transcriptional factors (Fig. 1A) .
From these ORFs analyzed we selected one (CA2880) that presents a high homology (49%) with ORF YPL133c of S. cerevisiae, a putative transcriptional factor [26] , when the comparison was made over the entire length (Fig. 1B) . When the comparison was made in the last C-terminal 350 amino acid residues the homology was 82%, indicating that CA2880 and YPL133c are homologs.
Structural analysis of the amino acid sequence encoded by CaCWT1
The ORF encodes a putative polypeptide of 578 amino acids with a theoretical molecular mass of 64.7 kDa and a pI of 8.33. Analysis of the predicted amino acid sequence revealed the following features (Fig. 1C) : (i) an N-terminal region (amino acids 34^47) with characteristics of a nuclear localization signal [27] , (ii) a typical zinc binuclear cluster DNA binding domain of the fungal type Zn(II) Cys(6) (amino acids 51^79), ¢rst characterized in S. cerevisiae [25] , (iii) a glutamine-rich region (amino acids 1472 20) which resembles the glutamine-rich domains of other transcription factors, e.g. the ACEII transcriptional factor for Trichoderma reesei [28] , (iv) an asparagine-rich region (amino acids 261^310), and (v) a PAS domain (amino acids 472^578). PAS domains are involved in eukaryotic signal transduction [29] . PAS domains are named after homology between the Drosophila period proteins (PER), the aryl hydrocarbon receptor nuclear translocator protein (ARNT) and the Drosophila single minded protein (SIM).
The Zn(II) Cys(6) and PAS domains exhibit the most extensive homology between CaCwt1p and ORF YPL133c and are probably responsible for speci¢c functions common to these proteins. Mutagenesis experiments have demonstrated that Zn(II) Cys(6) of identi¢ed transcriptional factors participates in DNA binding [8] , and it could be inferred that CaCwt1p functions in a similar way.
The JIGSAW and 3D-PSSM [30] servers were used to generate homology models for the two recognized domains in CaCwt1p : (i) a zinc binuclear cluster DNA binding domain of the fungal type Zn(II) Cys(6) and (ii) a PAS domain.
The structural fold of the CaCwt1p Zn(II) Cys(6) domain was predicted by using S. cerevisiae Cyp (Hap1) DNA binding domain (PDB entry: 1PYC) as the best available template (Fig. 2) . The CaCwt1p structure comprises a helical region and belongs to the zinc cluster family, which is characterized by the presence of two zinc ions complexed by the sulfur atoms of six cysteines [31] .
For structural prediction of CaCwt1p PAS domain, the PYP-like sensor domain FixL (PDB entry: 1ew0), a twocomponent regulatory system in Rhizobium meliloti, resulted to be a good template (90% certainty) (Fig. 3) . (6) domain signature of the ORFs found in the C. albicans database. The ORFs are named by its denomination in this database. In the consensus sequence X means any amino acid. B: Alignment of CaCwt1p amino acid sequence with S. cerevisiae ORF YPL133c. The alignment was performed with the CLUSTAL programs and subsequently shaded using Boxshade 3.31 software. Residues that are identical are shaded in black, whereas conserved residues are shaded in gray. Dashed spaces represent gaps to maximize alignment. C: Structural features of CaCwt1p. The nuclear localization signal (NS), the Zn(II) Cys(6) domain (Zn-Cys), the glutamine-rich (Gln) and asparagine-rich (Asn) regions, and PAS domain are indicated.
The N-terminus subdomain (amino acid residues 472^507) appears to be a PAS core showing high density of conserved residues with other PAS domains [32] . Two L-sheets (A L and B L ) and three K-helices (C K , D K and E K ) have been detected in this region. The L-sca¡old C-terminus subdomain (amino acid residues 543^578) is a platform that comprises three L-sheets (G L , H L and I L ) and maintains the structural integrity of the PAS domain, and a helical connector (F K ) (amino acid residues 508^542) which lies between the PAS core and the L-sca¡old. The helical connector and the L-sca¡old have a lower degree of conservation than the PAS core as appears to be frequent for other PAS domains [29] . Analysis of a completely sequenced organism has revealed the existence of abundant PAS domains [33] . Fungi are not highly represented, as only a few PAS structures have been reported [29] by acting as transcriptional activators.
Construction of a CaCWT1 null mutant and its phenotypic analysis
To investigate the function of the CaCWT1, construction of null mutants by targeted gene disruption and analysis of the resulting phenotype were carried out as described in Section 2. Disruption of the CaCWT1 was performed by using a strategy in two steps. In the ¢rst step a cassette consisting of the CaARG5,6 gene £anked by CaCWT1 sequences was used to transform C. albicans CNC43 to Arg þ . 24 transformants were analyzed and 17 of them contained the desired insert at the CaCWT1 locus (data not shown). Southern analysis of a representative isolate, C. albicans 3781-A, after digestion with XbaI revealed the correct integration in the allele contained in a 3.9-kb XbaI fragment originating a 5.3-kb and a 1.65-kb fragment; this is consistent with replacement of one allele of the CaCWT1 with the transforming DNA. The 3.9-kb XbaI fragment corresponds to the other allele which was still present in the Arg þ transformants. In the second step the homozygous CaCWT1 null mutant was generated after transformation of strain C. albicans 3781-A with a cassette consisting of the CaHIS1 gene £anked by CaCWT1 sequences. Genomic DNA was isolated from transformants and screened by Southern blot analysis of a representative His þ isolate that exhibited a hybridization pattern consistent with targeting of the previously undisrupted allele, strain C. albicans 3781-AH. The parental 3.9-kb XbaI fragment was absent, both a 1.65-kb and a 1.4-kb fragment appearing instead, indicating a correct integration. RT-PCR analysis demonstrated that no mRNA was present in RNA samples from the null mutant C. albicans 3781-AH (data not shown).
In order to know the possible role of CaCWT1, we analyzed the phenotype of three independent Cacwt1 null mutants under di¡erent conditions, and compared them with their parental strain. The speci¢c growth rates of the yeast form of the parental strain C. albicans CNC43 and strains 3781-A and 3781-AH were similar in both aerobic and anaerobic conditions, and no di¡erences in morphology were observed. No di¡erences in the kinetics of germ tube formation were observed between mutants and the parental strain. Possible alterations in the cell wall were studied by testing the sensitivities of the mutants to CW, CR, SDS and zymolyase, as described by Van der Vaart et al. [19] . Sensitivities to CW and CR did increase with respect to the parental strain (Fig. 4A) ; however, the sensitivity to SDS was decreased (Fig. 4A) . These results could suggest that the di¡erent components of the cell wall could be in no adequate concentrations in the mutant strain. In order to know it, a comparative chemical composition of cell walls from the wild-type (CNC43) and the null mutant strain (3781-AH) was performed. The results obtained (Table 1) show di¡erences in the composition of the isolated walls. The L-glucan fraction was diminished and the mannan fraction was highly (about six times) incremented in the mutant cell walls, whereas no di¡erences were observed in both chitin and protein content when compared to the parental strain. A high decrease in sensitivity to zymolyase was also observed in the null mutant (Fig. 4B ). This minor sensitivity could be related to changes in the structure of the glucan network or an increment in the thickness of the outer layer of the cell wall as suggested by Van der Vaart et al. [20] for S. cerevisiae.
To check that the observed phenotype of the null mutant was a consequence of the CaCWT1 gene disruption, one copy of the gene was reintegrated into the genome of the C. albicans 3781-AH into the RP10 locus. Upon reintegration of the CaCWT1 gene, the null mutant strain Fig. 3 . A: Multiple alignments of fungal PAS domains. The alignment was performed as described by Taylor and Zhulin [29] with modi¢cations. B: The secondary structure of CaCwt1p was deduced from that of R. meliloti FixL (PDB: 1ew0). Similar residues in at least four sequences are highlighted. The N-terminal link region (blue), PAS core (red), helical connector (green) and L-sca¡old (yellow) are shown. The ¢gure was generated with RasMol [35] . Isolated cell walls from exponentially growing cultures were analyzed as described in Section 2. The values are from a single representative experiment in a series of three independent experiments. became more resistant to CW and CR, and more sensitive to SDS (data not shown) being its behavior similar to the heterozygous mutant strain (3781-A; Fig. 4A ) but not regained the characteristics of the parental strain. These results could indicate that the e¡ect of the CaCWT1 in the cell wall architecture of C. albicans could be dosage dependent.
Expression patterns of CaCWT1
The expression of CaCWT1 was examined by RT-PCR as described in Section 2. The results (Fig. 5) indicate that CaCWT1 shows a di¡erential expression pattern as a function of growth phases, being more expressed when cells were in stationary phase than in exponential phase of growth. Valentin et al. [34] reported in S. cerevisiae di¡er-ences in the levels of N-glycosidically linked mannose residues between cells at early exponential phase and at stationary phase. This fact could mean a regulation of the cell wall components through the population cell cycle, and so we can speculate that one of the transcriptional factors involved could be CaCwt1p.
We have not been able to establish the exact biological function for CaCwt1p, although structural data suggest its implication as a transcriptional factor, in which the Zn(II) Cys(6) domain could act as a DNA binding factor and the PAS domain could contribute to the activation of the molecule. Additional studies with modi¢ed versions of CaCwt1p and a global analysis of the transcriptome using DNA microarrays should provide insights about its regulatory mechanism.
